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Abstract

The Mars Pathi i ndex ] aner vses a n ovel al rbag impact
att enuation system t o perdorin it « landing on Mars . Full
Sea] e testing under Mars  Iike atmospher 1c¢  pressure
condi ti ons was perfcrme it H obta ining accu rate loading
condi ti ons on the a’t bass during iwpact. s 011 a rocky
terrain. The obj ect ive was t¢) winimize t he tot al mass of

the airbags while mexiidzi ng thely  per f ormance. Thi s
paper W 1.1 discuss the cor icn of t he airbags, the testing
techni gues used and the  lessons Jearned from the tests

The final design of the airlag subsystem incorporates a 5
layer Vectran fabric construction with colid propel lant
gas generators and has a ras s of 99 kg.

Introduction

In late 1993 the Jet Propu ! siOn Labora tory began work
on the Mars Path finder misson to 1 and a small spacecraf t
and rover on the sutrl ace ¢ Mars . The | anded spacecraft
concept entai 1 s a t. ¢ty ahed ally shaped 1 ander with four

int erconnectedairbacys, or , per face, that. conpletely
surround and pr ot cct t he  lal]dey upon dmpact w. th the
Martian surface. Afte+ 1onding, the tetrahedron opens

itself by extending itse turec sides Jlike petals on a
{lower. This opening aicticn eusures that the lander will
always be pointing “riclt ¢ de up” when fully deployed.

A series of sulbwcae prooif of concept tests were
performed at Sandia Natconel Laboratory, Reference 1. Two
basic types of tests weie poorformed, vacuuvm chamber impact
tests whereby the Jandor /:zirbage were held fixed and a
moving plate was acccler ot d into the aj rbags, and canyon
tests were the alrbeos oad Jander were accel erated down a

Airbag lead enginecr, et Propuleion | .aborat ory,
California lnstitute of dectmology 4800 Oak Grove Drive,
Pasadena, Ca 91109.
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high tension cable and titc¢leased just prior to impact.
These tests successfully denonstroted accurate correlation

between computer models and test data.

Full Scal e Design

After the success o the Sandia subscale test
program, 1LC Dover Inc. reccived a contract in August 1994
to Dbegin work on thc divelopment of a  full scale
subsysten. The airbadg system 18 comprised of  four
individual airbags. 7The thrie “side” airbags each vent to
the base airbag via a 160 & vent. Externally, each bag
resembles 6, 0.9 m radiu:. spaoericsl lobes pressed together
on 1.0 meter centers. Internelly, there is open volume
with no membranes or acpiung. The alirbag structure is held
in shape and in place by wav of patterning and structural
tendons. Sixteen structnal tendons per bag restrain the
airbag and anchor it to ~he¢ Jlauder. This avoids having
any fabric carry mewbranc loods into the lander structure.
The tendons are made «f 7500 pound breaking strength
Vectran and Kevlar {ibcr ropi.

Figure 6. Expl oded Mde 1
created by Marc! Colli er and ,“ ol McKenney of Rockwel 1 Aerospace
Spat.c~ Syst emsDivisi or

Material Select ion
Material selection was & ¢ri:ical part of the development

cycle of  the airbags. 17 ¢ first full scale airbag
fabricated was made of uvrasthoene coated Kevilar 29. This
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bag however ruptur ed unpr edict ably at pressures well below
it’s design level . it was , ,] t imately concluded that the
hi gh level of handl ¢ino énd - c¢)] ding of t he ai rbag damaged
the Kevlar fibers anc +~«du-ed the fabric strength to
unaccept able level ¢, At t hi & pointthe swi tch was made
from Kevlar fiber t o Ve = ran HS fiber f or the fabric .

Vectran was chosen f or it s high strength to weight ratio,

its high nodulus, and itw irsensitivity tc) f 1 ex cracking

of the fibers . Vectr an al so has high flexibility gt
extremely |ow temperat u» e: anci ver y hi ghcutt ing and tear
resi st ance. Vectran docs not however retaini t & strength
at. ¢l evated tempera tu res . 'or this reason Xevl ar is used
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Figure 2. Single airbsg sssemb.y drawing . (Chuck Sandy)

for internal tendons ard, gas generat or  diffuser
construction. In order to 1 crder the gas retaining layer
airtight, a low temperature silicone formulation was
applied to the inner surfacs o the bladder.

An interesting and important lesson learned in the
development of the bladder weave/construction was that the
lubricating effect of the sising agent was critical in
attaining the highest, and hccessary, tear strength
performance of the fahric. In most applications the
sizing is scoured off after wesving, yvet for this
application it was nececssary o specify a specific amount
of sizing agent to be left o1 e faebric. Vacuum
stability of the sizing soeat nist then be considered with
respect to mission constraints., After a great deal of
trial and error and closc winr ~ith the fabric weaving
house the bladder cloth wes s ified as follows:
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200 denier Vectran 36 fiher
50x50 yarns per inc
Calendared post woaw! o
Silastic IT-50 ¢ilicone rubber coating 1.6 oz./yrd’
Total fabric weial 4.3 oz./yrd’

N
~J

oz./yrd&

It was also desirzed Lo use Vectran HS for the
construction of an outer Jeyer of fabric to protect the
bladder layer from rock driweue.  7This layer is called the
abrasion layer. The degior and sizing of the abrasion
layer was done incremon: allig, Early tests were done by
dropping “Mars like* lava 1ocks at 20 m/s onto candidate
samples inflated to achicve representative skin loading.
Subseqguent tests were aore I:poan instron machine whereby a
sharp rock was slowly jpnresced into an inflated dome with
proper skin loading, and the load at the point of bladder
rupture was recordcd. Poth forms of testing were highly
gqualitative but they reveslad some very Jnportant trends.
Reference 2 discusses sor ¢ o the r1esults.

‘None of the analyticel]l approachs used early on were
adequate or applicablo 1 determining the  highly
complicated loading of tro  abrasion  layer during a
skidding impact with a «larp random rock field. The only
reliable method of detormining the best and lightest
abrasion layer conctruction was full scale testing onto
actual rocks. To do th =, threce full scale test series
were designed to optiwize Lhe abresion layer construction
and demonstrate lending «enability on 0.5 meter high
rocks,

Full Scale Drop Testing

As was realized oar'y on in the testing of the
subscale airbags at Sandia,. it dg necessary to conduct
impact testing in & Mare 1Jiae near-vacuum environment in
order to attain the corscct compression ratios and skin

stresses. NASA lewis Plur Brook station Space Power
Facility (SPF) was selected as the test facility since it
has. the largest vacuum chanooer in the US. The chamber
measures 120 feet higlh by 100 feet in diamcter. A test

18]

platform measuring 48 = 272 feet was built to provide a
controlled landing surlace. In the first three tests the

platform was mountcd lorlicontal and with no rocks. For
all subsequent tests tne plat form was populated with lava
rocks ranging from .2 to % weters high, and mounted at a

60 degree angle to cinmulate ¢ 30 degree impact on Mars.
Drops below 20 m/¢ 1imnact velocity could be performed
by simply allowing the crtire systom to free fall the
appropriate distance i tho oar vacuumn environment. The
worst case test reoeguircuwnt however was for a 28 m/s
impact onto the 60 deorec pliat{iorn. This and any test
above 20 m/s required the vse of an accelerator device. A
60 foot long bungic syaien w:th multiple pullies was built
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Lo achieve impact velocit:is botween 20m/s and 28 m/s.
Figure 2 shows the SPF cromtaor and the drop test set up.
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Figure 2. NASA lewis Ilun Brook Station SPF Vacuum
chamber full scale drop tont setup layout.

Pro t ot ype Test Ser i cs

The first test serics was called the prototype 1 test
series. The main objectives of these tests was to
generate load and oynan’ o dates required to validate
analytical models, 1o d 1o trate iwpact capability at
various impact angles g ve locitseos and to determine if
the initial design of tie abrasion layer sizing was
adequate. The abrasion laver consisted of a single layer
of 200 denier 45x45 ypi (varn. per inch) Vectran HS fabric
woven in a 2-1-1-2 modi© <o Yopstop weave and patterned 4%
larger than the bladder ooy, In order to conserve
mass, abrasion layer was only appsied to the portion of
the airbags that were micove od Iy other portions of the
airbags. In all, 5H7/% «f ‘he &irbag surface area was
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covered. The massS oit ) ¢, i rbag syst em was 54kg . Tabl e
1 gives the summary of t ¢ tests performed.

Table 1. Prototype 1 drop test summary.
Drop | Velocity | Kock | Priossure Platiorm Oi entati on

# (m/s) | Size (u ) [(psigiq) . .

] 15 0 .5 | horizontal | hase bag first
2 1 as o 155 ° | horrtizonttahl | side bag
3 1 20 0 .5 | horiizontal | .. side bag
I R LN I 15|60 e cos| " ssadehag
5 L 20 Ty | .5 60- deqr«ces side bag

After very successiully nerforming test 1 through 3 it was
decided that the s«inulc Jlaver abrasion Jayer would most
likely be inadequate to lhardle the sloped, rocky impact.
Retrofit abrasion layer nonels were fabricated to replace

the specific abrasion _aye- gores that would come into
contact. with the rockse or drops 4 and 5. The test
approach allowed the taracting of very specific regions of
the airbag. bour ebrasion layer concepts were

constructed.

1 200 denicr J13x71 ypi Kevlar fabric

2 400 denicr Veorrar, HS L3x5H3 ypi

3 I layer of 45%x15% 2112 modified ripstop
weave Veclran labric guilted to a .10
inch thick ¥eviar nonwoven felt.

4 two layers of Abhx4h 2112 ripstop weave Vectran
fabric oricunte’ 49 degrees to each other.

Test numbers 4 and o showed that the heavy Kevlar fabric
performed poorly under d 1ect iumpact with rocks. The 400
denier Vectran fabric c¢aly received glancing blows, but
seemed promising. The ga:lted construction and the double
layered construction both porformed adequately by scraping

off major portions of heir outer layers thereby
protecting the bladder lave: . None of the abrasion layer
constructions proved to e conclusively adeguate. Test

number 5 also resultoed ‘11« massive rupture of an airbag
where it struck one «f the three .5 meter rocks on the
platform. The secman {a° . ars was caused in part by the
expedient field methaod vsed to attach the retrofitted
abrasion gores.

Fach of the 5 test s roduced a full set of data.
Each tendon of bag nuntber 1 was instrumented with in line
load cells to measure the - endon tension. The pressure
and temperature of the aa: 1n the bags was measured.

Accelerometer data was yocor djed in order to understand the
full 6 axis dynamic jpea o sace of the lander inside the
airbag system. A summery of this data can be found in
reference 3.
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Armed with a wealtl of performance data for each of
the abrasion layer construc ions tested in prototype 1, a
second test series was proepared to test the two most

promising constructiong . The qguilted Kevlar felt
construction was dropped ue to  its high volumetric
reguirements for stowaae., rhe starting configuration of

the airbag system for ncto vpe test 2 was; bags 1 and 2
used two plies of thoe 45»45 Vectran ripstop weave fabric,
and bags 3 and 4 uscd & =irgle layer of the 400 denier
plain weave Vectran fabrio, This time 67% of the airbag
surface area was covercd lw Sorasion layer again patterned
4% larger than thoe blacder Two  contingency bags were
fabricated with a hecavic- bl dder Jayers in the event that
neither of the primary <irb.gs proved adequate. The two
other constructions were; Jag b used a 65x65 ypi, 200
denier plain weave bladcer layer coupled with 2 plies of
45x45 Vectran ripstop fatmic, bag 6 also used the heavier
65x65 bladder layer bhut it vas coupled to thoe heavier 400
denier plain weave abras: ¢ ayer. The prototype 2 bag as
well as all the othery laos and test specimens were all
subjected to a miniwmum bakoe cycle of 6 hours at 125 deg C
prior to any structural tog ing in order to simulate the
effects that the planctary protection heat sterilization
would eventually have on +the {inal flight system.

Tabl € 2.  Prodotype 2 b (p t . st sumary,

Dropl Vo]ocjtyw Rock | Pre ssure w?ﬁ at form Oi entation |
s)  Sizzeloh ! (goig) |
.o |60 degrees | 2dn, 1tr |
5| 60 degyees | 3dn, 4tr
) my.B 1 60 degrees 3dn, 4tr
1.0 _60 degrees | 6dn, 5tr
02 | 60 degrees | 4dn, 5&6tr
89 60 degrees 2dn, 6tr
b 92 60 degrees 6bdn, 2tr

Note: the orient at ion 71 cfet: -t which bag was facing 1N the
direction of motion, ie down (dn),  and which bag was
essentially trailing (t:1, i¢ racing the platform thus making
grazing but hard contact with t'e platform and its rocks.

Drops 6 and 7 both showee eccceptaeble performance of the
tested abrasion layers. Drop 8 however resulted in massive
tearing of abrasion and o acder foyers in most areas that
came in direct contact with ~ocks. As a result of drop 8
it was decided to incorporere bags 5 oand 6. Since the
proto. 1 tests showeo o greater stroke margin  than
anticipated it was alao docided to reduce the inflation

pressure Lo help decraease 1 static moembrane stress and
thus increase resistance o 1ock tear. brops 9 and 10 both
showed improved perf{orinance. Large tears up to 6 and 8
inches in Jlength stil! 1-ndered  these constructions

unacceptable.
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After drop 10 it woas oocided to make up another set
of retrofit abrasion cores to replace entire lobes, and
perform 2 more tests iu ordir to finalize a construction.
The new constructions wore 55 follows; two lobes used a
combination of the L3>53 200 denler Vectran fabric and
the 45x45 2112 ripstop fcbric over a 50x50 bladder,
another two lobes uscd - plies of the 45x4% 2112 ripstop
Vectran fabric each witlh its yarne oriented 4% degrees to
each other, over o 5L0x:0¢ bladder, and yet another two
lobes used the 53x53 401 dander Vectran fabric with a 4
inch cross hatch grid of 174 inch Kevlar webbing.

Drops 11 and 12 boeth showed excellent performance.
Virtually no tearino of the bhladder layer occurred in the
newly reinforced arcaos.. 11¢ general performance trend

indicated that the combiiyation of 53x53 and 45x45 abrasion
layer performed well {for 1l first sjmpact but left large
sections with the =ingl. l.over of 53x53 abrasion layer
barec. The 53x53 alrasion layer with the Kevlar grid also
performed well but did heve the tendency of starting
multiple short tears tliet <id not damage the underlying
bladder layer but Jeft i@ v.oinerable. The best performer
was the triple 45x45H ainasicn construction. In all cases
only the top 1 or 2 laver: were ever damacod. The third
layer and underlyine blacder layer were never damaged.

By virtue of havina coarod each rock on the platform

with colored chalk powder t became evident rocks were
able to contact the bazoe tiadder layer beyond the 67%
coverage line. This cobhsorvation led to  increasing
coverage to  100% of “he airbag,  excluding portions

protected by the lander cirvocture.

The prototype 2 tost se:ies showed conclusively that
a three layered abrasion laver would adequately protect
the airbags during ilwpsot. The decision was made to
bhaseline an airbag systomw with 4 Javers of the 45x4% 2112
Vectran fabric. The fceurth layer was added to ensure
adequate layers would olwars bhe available even after
multiple impacts on the @ae  spot. Figure 3 shows a
typical seam cross section.

The Full Scale Developw ot (FED) test was subsegently
prepared to show that 1he @irbag system could be inflated
in under 2.0 seconds w th & gss generator system and
subsequently survive nulaiploe Smpacts on the same test
platform. Four ges acera . ors designed and built by
Thiokol corporation were i1t egrated onto the drop test
lander and airbags al the Plouw Brook test facility. The
airbags were packed in « viry precise pattern and held
tightly to the Tonder la & specially designed
pyrotechnically relcased f. bric cover. The highly
instrumented packagce weo then lowered into a 35x85 foot
cryogenic vacuum cheamber and ohilled to -8% deg. C. The
inflation was per o med bry first activating the
pyrotechnic cable cuttcrs on the packing cover, followed
.25 geconds later by 1le igition of three of the 4 gas
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generators . The aiy baos ful .y in flat ed and pressurized in
under . 75 seconds . The ! cur ) gas genera tor was fired 20
seconds (ouTsuE |
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Fi gure 3. Sanp 1 e scarniav out.

later to make up for Jlost } casure due to cooling effects.
The inflation test was neerly flawless and induced no
damage to the airbags wha' socver. Following the inflation
test 3 more drop tests were porformed.

Table 3. FSD drop test sueucry.

Drop # Velocity | Rock Siwvn Pressure Platform
(m/s) | _...Ar) o (psig)

FSD 1 28.03 | .1 ... 292 | 60 degrees

FSD 2 25.40 | .3 | .24 | 60 degrees

FSD 3 23.96 b .21 oy 60 degrees

The results of the rsh dr op t ests ident if i ed a nunber of
areas requiring some ninor reinf orcement but overal 1
proved extremely success: ¢ 1. Table 3 summari zes the pgp
drop t est. s .

ROCK DIS TRIBUTION

The rock distribut ion of h( test plat f orm was recorded
and compared to the Vikiro 1 arid Ll landing site
di stributions. JPL’s Mat ¢ i l( ek states the fol | ow ng:

“li all  cases, the 1ock distributions for which the
ai rbags have been t ¢ =t ¢ i 1 ¢ resent ext. reme conditions

™ e tot al area cover ¢d ) o rocks in the'  airbag test
sur faces, when extrigo ¢ ¢! parall el t ¢) Viking rock
distributions are a fac:«:r < f 2 or 3 greater than any
surfaces on Mars indiatecy by the thermal inertia
(orbital ) data. with v gy dt o larce r ocks greater
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than 1 m diamet e¢r &nd, or 5 met ers high potent ially
hazardous to landinag , t hel cest sit es had over 10% of
thei r surfaces cov'ercd ¢ ompared wi th 1 ess than 1% of
the surface at VI 2. “h e rock distributions agai nst
which the airbags have heor test ed represent the wor st

possible conditions pot ent x.0 1 1y possible on Mars. “
CONCLUSIONS
By way o f fu 1 1 oale drop t est 1ng under
representative pressurc aio | oipact condtions, a wealth of
data, both qualit ativce &6 guantitative, Was gathered
about _ p] anetary inf 1ataisl o dwoact att enuat i on design. The

test program center ¢d on ¢ ¢radual and opt imal evolution
of the abrasion Jlayer s sctcum. Of tile numer ous abrasion
1 ayer concepts f abri cat ¢ a1 ot est ed the combi nati on of

mi] tiple, thin laycrs o h gh st rength Vect ran fabric:

proved super ior. The F&D tv ¢ s al so demonst rated that the
ai rbag system coul ¢ withe tand a < old temperature rapid
inflation in uncle] . 7% ¢ onds without damaging the
al rbags and then st i1 1 snvi senult. ipl e mpact & on rocks
with margin . The final cerdicn of t he airbag system has a
total fabric mass of &7 Ko nd gas generator mass of 12
kg, the t otall anded mass <1 (10 Kg . The ai rbag drop test.

surface c¢onditi ons wer ¢ 2 Lo 3t imes more severe than
anythi ng i ndicated tn ¢ uy ace or orbit al  data and
srepresent  the worst  poeos ble  condit i ons  potentially
possi bl ¢ on Mars . “

A ¢ kn owl edgiments

The research described i nt ! 4o aper was carri ed out by the Jet
Propul S | on  Laborat Or>', Ca iiornia  Inst itute of  Technology,
under @ contracw#t}l tle n,tional Aeronauti cs and Space
Administ rati on. The aut hor wo 1 ld also like to thank all the

peopl € at |LCDover , 1hick. Cop., NASA | owis Pl um Br ook
St at_ I on and Sandi_a Nat ionad) L&l orat ory for their ext raordinary
dedication and ski 11 i: e kitag this unique devel opment SO

successiul .
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